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Abstract.  The sensitivity of avian species to the toxic effects of dioxin-like 44 
compounds (DLCs) varies up to 1000-fold among species and this variability has 45 
been associated with inter-species differences in aryl hydrocarbon receptor 1 46 
ligand binding domain (AHR1 LBD) sequence. We previously showed that LD50 47 
values, based on in ovo exposures to DLCs, were significantly correlated with in 48 
vitro EC50 values obtained with a luciferase reporter gene (LRG) assay that 49 
measures AHR1-mediated induction of cytochrome P4501A in COS-7 cells 50 
transfected with avian AHR1 constructs. Those findings suggest that the AHR1 51 
LBD sequence and the LRG assay can be used to predict avian species 52 
sensitivity to DLCs. In the present study, the AHR1 LBD sequences of 86 avian 53 
species were studied and differences at amino acid sites 256, 257, 297, 324, 337 54 
and 380 were identified. Site-directed mutagenesis, the LRG assay and 55 
homology modeling highlighted the importance of each amino acid site in AHR1 56 
sensitivity to 2,3,8,8-tetrachlorodibenzo-p-dioxin and other DLCs. The results of 57 
the study revealed that: (1) only amino acids at sites 324 and 380 affect the 58 
sensitivity of AHR1 expression constructs of 86 avian species to DLCs and (2) in 59 
vitro luciferase activity in AHR1 constructs containing only the LBD of the species 60 
of interest is significantly correlated (r2 = 0.93, p<0.0001) with in ovo toxicity data 61 
for those species. These results indicate promise for the use of AHR1 LBD amino 62 
acid sequences independently, or combined with the LRG assay, to predict avian 63 
species sensitivity to DLCs.  64 
Keywords: dioxin, risk assessment, bird, Ah receptor, molecular toxicology 65 
66 
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Introduction 67 
 68 
Dioxins and dioxin-like compounds (DLCs) share structural similarities and 69 
common mechanisms of biochemical and toxic action, but differences in 70 
sensitivity to DLCs exist among species and strains of animals. For example, 71 
sensitivity to the biochemical and toxic effects of some DLCs can vary up to 72 
1000-fold among avian species (Brunstrom, 1988; Head et al., 2008; Head and 73 
Kennedy, 2010; Hoffman et al., 1998). Based on the available evidence, the 74 
domestic chicken (Gallus gallus domesticus) is the most sensitive species to the 75 
toxic effects of DLCs. For risk assessment purposes, the toxic potencies of 76 
individual DLCs are compared to the potency of 2,3,7,8-tetrachlorodibenzo-p-77 
dioxin (TCDD), which is generally considered to be the most potent compound 78 
within this class of chemicals (Van den Berg et al., 1998; Van den Berg et al., 79 
2006). However, recent studies have shown that, in some species, 2,3,4,7,8-80 
pentachlorodibenzofuran (PeCDF) is more potent than TCDD (Cohen-Barnhouse 81 
et al., 2011; Farmahin et al., 2012; Herve et al., 2010a; Herve et al., 2010b). 82 
Most, if not all, biochemical and toxic effects of DLCs are thought to be 83 
mediated by the aryl hydrocarbon receptor (AHR) (Denison et al., 2011; Okey, 84 
2007). While it has long been recognized that structural characteristics of the 85 
AHR contribute to differential sensitivity among mammalian species (Okey, 2007; 86 
Poland et al., 1976), key characteristics of the AHR responsible for differential 87 
sensitivity among birds were not known until recently (Farmahin et al. 2012; Head 88 
et al. 2008; Karchner et al. 2006). Birds express at least two AHR paralogs 89 
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(AHR1 and AHR2) (Yasui et al., 2004) and AHR1 is reported to be more 90 
transcriptionally active than AHR2 (Yasui et al. 2007). In addition, the basal level 91 
of expression of AHR1 is several-fold greater than that of AHR2 in liver of birds 92 
(Mol et al., 2012; Yasui et al., 2007). 93 
The avian AHR1 contains three major domains - the DNA binding domain 94 
(DBD), the ligand binding domain (LBD) and the transactivation domain (TAD). 95 
By swapping the three domains of chicken and common tern (Sterna hirundo) 96 
AHR1 and making six chimeric constructs, Karchner et al. (1996) demonstrated 97 
that the LBD, and not the DBD or TAD, was responsible for the distinct functional 98 
properties of chicken and tern AHR1. This led to the hypothesis that the identity 99 
of amino acids within the LBD could determine the sensitivity of avian species to 100 
DLCs. The identities of amino acids at sites 324 and 380 within the LBD 101 
contributed to the differential sensitivity of chicken and tern AHR1 exposed to 102 
TCDD (Karchner et al., 2006) and chicken, ring-necked pheasant (Phasianus 103 
colchicus) and Japanese quail (Coturnix japonica) exposed to TCDD, 2,3,7,8-104 
tetrachlorodibenzofuran (TCDF) and PeCDF (Farmahin et al. 2012). It has been 105 
proposed that birds can be classified into three main groups, for risk assessment 106 
purposes, based on the identities of these two amino acids: high sensitivity (type 107 
1; Ile324_Ser380), moderate sensitivity (type 2; Ile324_Val380) and low 108 
sensitivity (type 3; Val324_Ala380) (Farmahin et al., 2012; Head et al., 2008; 109 
Karchner et al. 2006; Manning et al. 2012).  110 
The major goals of the present study were to: (1) sequence the AHR1 LBD 111 
of a relatively large number of birds to identify amino acid residues that differ 112 
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among species, (2) determine the influence of the identified amino acids, 113 
individually or in combination, on AHR1 activation by DLCs using a luciferase 114 
reporter gene assay (LRG) that measures transactivation of an aryl hydrocarbon 115 
response element (AHRE)-driven luciferase reporter gene, (3) determine if avian 116 
sensitivity to selected DLCs [TCDD, PeCDF and polychlorinated biphenyl 126 117 
(PCB 126)] can be predicted from results of the LRG assay and/or knowledge of 118 
amino acids at sites 324 and 380 within the AHR1 and (4) attempt to understand 119 
why sites 324 and 380 play key roles in AHR1 activation by use of homology 120 
modelling studies. 121 
 122 
Experimental 123 
 124 
Sources of Avian Samples Used for AHR1 LBD Sequencing  125 
 Liver and blood were obtained from the Specimen Bank at the National 126 
Wildlife Research Centre (NWRC; Ottawa, ON), commercial suppliers in the 127 
Ottawa region or field-collected by our group in Michigan, USA (Table 1). All 128 
samples were collected, salvaged or donated in accordance with permit 129 
requirements. The samples obtained from Michigan were collected with either 130 
solvent-rinsed utensils (liver) or sterile syringes (blood) (Head et al., 2010), 131 
preserved in RNAlater™ (Ambion, TX, USA) at -20ºC at Michigan State 132 
University (East Lansing, MI, USA) and shipped on wet or dry ice to the NWRC 133 
for RNA isolation and AHR1 LBD sequencing. Albatross, great cormorant and red 134 
jungle fowl AHR1 LBD sequences were obtained from GenBank. 135 
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AHR1 LBD Sequencing 136 
RNA was isolated from liver (~ 3 mg) or blood (~ 300 μl) with TRIzol™ 137 
reagent (Invitrogen, Burlington, ON, Canada). Isolation of RNA, reverse 138 
transcription, polymerase chain reaction (PCR) and molecular cloning methods 139 
are described in detail elsewhere (Head et al., 2008; Head et al., 2010). Briefly, 140 
total RNA was reverse transcribed to cDNA and the AHR1 LBD was amplified by 141 
PCR and either (a) ligated into a vector, transformed into chemically-competent 142 
cells and purified (plasmid DNA) or, (b) separated on E-Gel 0.8% SYBR Safe™ 143 
pre-cast agarose gels using an E-Gel iBase system (Invitrogen). The latter 144 
procedure was used to reduce time and cost per sample (Gibson et al., 2010). 145 
Purified plasmid DNA and E-Gel products were sequenced by use of an Applied 146 
Biosystems 3730 DNA Analyzer at the Ottawa Hospital Research Institute (OHRI, 147 
Ottawa, ON, Canada).  148 
To ensure accuracy, most sequences of the LBD of AHR1 were obtained 149 
from two or more individuals per species and sequencing was conducted several 150 
times for each individual and on products from independent PCR reactions. 151 
Sequences of nucleotides were analyzed by use of Sequencher version 4.9 152 
software (Gene Codes Corporation, Ann Arbor, MI, USA). Detailed analysis of 153 
each chromatogram ensured quality and accuracy of the sequence data. Amino 154 
acid sequences were translated from the consensus nucleotide alignments using 155 
Sequencher. The AHR1 LBD sequences corresponded to amino acid residues 156 
235-402 in chicken.   157 
 158 
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Expression constructs and site-directed mutagenesis of chicken AHR1 159 
Full-length chicken, ring-necked pheasant and Japanese quail AHR1 160 
constructs were prepared (Farmahin et al., 2012) and the chicken AHR1 161 
construct was used for the preparation of twelve constructs that were mutated at 162 
sites 256, 257, 297, 324, 337 or 380 by site-directed mutagenesis. The primers 163 
and templates are provided in Table S1. All of the mutations were constructed 164 
using PfuUltra High-Fidelity DNA polymerase (Stratagene, La Jolla, CA, USA). 165 
PCR conditions were as follows: 95 ˚C 1min followed by 21 cycles of 95 ˚C 166 
30sec, 55 ˚C 1min, and 68˚C 18min. PCR products were treated with DpnI 167 
endonuclease (New England Biolabs, Beverly, MA) and transformed into MAX 168 
Efficiency DH5α Competent Cells (Invitrogen). Full-length sequencing of each of 169 
the 12 mutant constructs was conducted to ensure correct sequence identity. 170 
Other constructs were cormorant ARNT1 (pcDNA-ccArnt1), reporter vector GL4-171 
ccCYP1A5 (both were kindly provided by Dr. Hisato Iwata, Ehime University, 172 
Japan) (Lee et al., 2009; Yasui et al., 2007) and Renilla luciferase vector (phRL-173 
CMV, Promega).  174 
 175 
In vitro transcription and translation (IVTT) of AHR1 mutants 176 
 TnT Quick-Coupled Reticulocyte Lysate Systems kits (Promega, Madison, 177 
WI, USA) were used to synthesize AHR1 proteins for all mutants; proteins were 178 
labelled with FluroTect Greenlys tRNA. Fluorescently labelled products were 179 
separated on 10% SDS polyacrylamide gels and scanned with a Typhoon 9210 180 
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Imager (Molecular Dynamics Inc., Sunnyvale, CA, USA; excitation 532 nm, 181 
emission 580 nm).  182 
 183 
AHR1 protein expression in COS-7 cells 184 
Western blot analysis was performed as described elsewhere (Farmahin 185 
et al., 2012) with minor modifications. In brief, COS-7 cells transfected with AHR1 186 
constructs were lysed and cell lysates were resolved by SDS-PAGE. Proteins 187 
were transferred to PVDF membranes (GE Healthcare Bio-Sciences, Baie d'Urfé, 188 
QC, Canada) and anti-V5-HRP antibody (Invitrogen) was used at 1:2000 dilution 189 
for detecting V5-AHR1. Anti-β-actin-peroxidase (Sigma-Aldrich, Oakville, ON, 190 
Canada) was used at 1:10000 as a loading control. The blots were then 191 
visualized by enhanced chemiluminescence using a Typhoon 9210 Imager 192 
(Molecular Dynamics Inc). 193 
 194 
LRG assays 195 
i. Preparation of TCDD, PeCDF and PCB 126 solutions 196 
Serial dilutions of TCDD and PeCDF were prepared from dimethyl 197 
sulfoxide (DMSO) stock solutions and concentrations of the stock solutions were 198 
determined by isotope dilution following EPA method 1613 (U.S.EPA, 1994) by 199 
high-resolution gas chromatography high-resolution mass spectrometry as 200 
described in detail elsewhere (Herve et al., 2010a). PCB 126 (AccuStandard, 201 
New Haven, CT, USA; lot # 061204MS-AC; 99.7% purity) was weighed on an 202 
analytical balance and dissolved in 4 ml of DMSO to obtain a stock solution with 203 
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a nominal concentration of 153 μg/mL. Serial dilutions of PCB 126 were 204 
subsequently prepared from this solution. 205 
 206 
ii. Cell culture, transfection and luciferase assay 207 
A detailed description of the LRG assay is provided elsewhere (Farmahin 208 
et al., 2012). Briefly, COS-7 cells (provided by Dr. R. Haché, University of 209 
Ottawa, Ottawa, ON, Canada) were plated at a concentration of 10,000 cells/well 210 
in 96-well plates and transfected after 18 hours. The amounts of transfected 211 
expression vectors were 8 ng of mutated avian AHR1, 1.55 ng of pcDNA-212 
ccArnt1, 5 ng of pGL4-ccCYP1A5 and 0.75 ng of phRL-CMV. The total amount of 213 
transfected DNA was kept constant at 50 ng by the addition of salmon sperm 214 
DNA (Invitrogen). Cells were dosed 5 hours after transfection with DMSO or 215 
DMSO solutions of TCDD, PeCDF or PCB 126 at 0.05% final DMSO 216 
concentration. Cells were removed from the incubator 18–20 hours after dosing 217 
to measure luciferase activity. Luminescence values are expressed as a ratio of 218 
firefly luciferase units to Renilla luciferase units. 219 
 220 
iii. Concentration-response curves 221 
Two independent studies (referred to as Studies 1 and 2 below) were 222 
conducted and for each of the studies, four concentration-response curves were 223 
obtained for each DLC and each AHR1 construct. The four concentration-224 
response curves were derived from four replicate wells/plate for each 225 
concentration. GraphPad (GraphPad Prism 5.0 software, San Diego, CA, USA) 226 
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was used for curve-fitting and data were fit to a four parameter logistic model 227 
(Head and Kennedy, 2007). Statistical differences among the four EC50 values, 228 
derived from each of the two independent studies, were tested using one-way 229 
analysis of variance (ANOVA) for a representative DLC (TCDD).  230 
Relative sensitivity and relative potency 231 
A detailed description of the calculation of the relative sensitivity (ReS) of 232 
COS-7 cells to AHR1 activation by DLCs is provided elsewhere (Farmahin et al., 233 
2012). Briefly, EC20, EC50 and EC80 values were determined for each 234 
concentration-response curve. ReS is defined as EC20, 50 or 80 (compound A) of chicken 235 
construct ÷ EC20, 50 or 80 (compound A) of construct X. The relative potency (ReP) of 236 
PeCDF or PCB 126 compared to TCDD for each AHR1 construct is defined as: 237 
EC20, 50 or 80 of TCDD determined for construct X ÷ EC20, 50 or 80 of PeCDF or 238 
PCB 126 determined for construct X. 239 
 240 
Homology modeling 241 
PSI-BLAST searches for chicken, ring-necked pheasant and Japanese 242 
quail AHR1 LBD sequences (residues 235-402) were performed against the 243 
Protein Data Bank (PDB) (Berman et al., 2000). The sequences that produced 244 
the most significant alignments were identified and nuclear magnetic resonance 245 
(NMR) structures were obtained from the PDB. When different NMR structures 246 
were found in a PDB file, the most representative structure was determined by 247 
use of the NMRCLUST procedure from the On-Line Database Ensemble 248 
Representatives and Domains (OLDERADO) (Kelley and Sutcliffe, 1997) server. 249 
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The model for the avian AHR1 LBD was generated by Easy Modeller version 2.1 250 
(Kuntal et al., 2010). The protein structure analysis (ProSA) validation method 251 
(Wiederstein and Sippl, 2007) (web-based version) was used to assess the 252 
quality of the model and the PROCHECK program (Laskowski et al., 1993) was 253 
used to assess the stereochemical quality of the models. Templates and 254 
structural motifs of models were analysed with the Promotif program (Hutchinson 255 
and Thornton, 1996). The amino acid sequence and structure of models were 256 
aligned with templates using the DALI server (Holm and Rosenstrom, 2010). The 257 
Multiple Alignment of Protein Structures (MultiProt) (Shatsky et al., 2004) server 258 
was used for the structural alignment of avian AHR1 models. Molegro Virtual 259 
Docker (Thomsen and Christensen, 2006) and UCSF chimera (Pettersen et al., 260 
2004) was used for three dimensional visualization and imaging of AHR1 LBD 261 
structures. The computed Atlas of Surface Topography of Proteins (CASTp) 262 
server (Dundas et al., 2006) was used to analyze the ligand binding cavity. The 263 
potential binding site was predicted using a grid-based cavity prediction algorithm 264 
by Molegro Virtual Docker (Thomsen and Christensen, 2006).  265 
 266 
Results 267 
 268 
Avian AHR1 LBD sequences  269 
 Sequences of the AHR1 LBD (sites 235-402; 168 amino acids) of 86 avian 270 
species were determined by our group or obtained from GenBank (black-footed 271 
albatross, great cormorant and red jungle fowl). The species and Genbank 272 
 12 
accession numbers of the AHR1 LBD sequences are listed in Table 1. The 273 
nucleotide and amino acid identities of the AHR1 LBDs among species were 274 
greater than 91% and 96%, respectively. Species of birds were classified into 275 
three main types according to the identities of the amino acids at sites 324 and 276 
380: a) type 1 [chicken-like species (Ile324_Ser380; 4 of 86)]; b) type 2 277 
[pheasant-like species (Ile324_Ala380; 47 of 86)]; and c) type 3 [Japanese quail-278 
like species (Val324_Ala380; 35 of 86)]. Four other amino acid sites within the 279 
AHR1 LBD (256, 257, 297 and 337) were variable among species and the 280 
identities of the amino acids at these sites were used to define 13 sub-types 281 
(Table 1). The full-length chicken AHR1 construct (sub-type 1A) was used to 282 
generate 12 mutant constructs representative of the other AHR1 sub-types. 283 
AHR1 protein expression levels in COS-7 cells transfected with chicken and 12 284 
mutant constructs (1B, 1C, 2A, 2B, 2C, 2D, 2E, 2F, 2G, 3A, 3B, 3C) were similar 285 
(Figure 1, panel A). The mutant AHR1 proteins synthesized by IVTT migrated to 286 
similar positions on SDS polyacrylamide gels and were expressed to 287 
approximately the same degree (Figure S1). 288 
 289 
Concentration-dependent effects of TCDD, PeCDF and PCB 126 290 
i. Relative sensitivity (ReS) - inter-construct comparisons 291 
TCDD, PeCDF and PCB 126 elicited concentration-dependent increases 292 
in luciferase expression in COS-7 cells containing full-length AHR1 constructs of 293 
chicken, pheasant, Japanese quail or mutant AHR1 constructs (Figure 1, panel 294 
B; Figures S2 and S3 [normalized luciferase ratios]; Figures S4 and S5 [raw 295 
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luciferase ratios]). EC20, 50, and 80 values were determined from the fitted curves 296 
(Table S2) and were used to calculate ReS20, ReS50 and ReS80 values (Table 297 
S3). 298 
The rank order of sensitivity of AHR1 constructs to TCDD and PCB 126 299 
was type 1 > type 2 > type 3 (Table 2 and Figure S6). For example, in cells 300 
exposed to TCDD, ReS50s ranged from 0.75 - 1.0 for the type 1 constructs, 0.061 301 
- 0.14 for the type 2 constructs, and 0.0073 - 0.013 for the type 3 constructs 302 
(Table 2). In cells exposed to PCB 126, ReS50s were 1.0 - 1.5 for type 1 303 
constructs, 0.032 - 0.038 for type 2 constructs and 0.0060 - 0.0091 for type 3 304 
constructs. The rank order of ReS50 values of cells exposed to PeCDF was also 305 
type 1 > type 2 > type 3, but the range was not as great as that observed in cells 306 
treated with TCDD or PCB 126. One-way analysis of variance (ANOVA) 307 
comparing the four EC50 values (derived from the four concentration-response 308 
curves/study) obtained for all AHR1 types and sub-types exposed to TCDD 309 
indicated that (a) there were significant differences between the main types and 310 
(b) within each type, there were no statistical differences among the sub-types 311 
(Figure 2). 312 
ii. Relative potency (ReP) - inter-compound comparisons 313 
PeCDF was approximately equipotent to TCDD in cells transfected with type 314 
1 AHR1s (ReP50 range = 1.2 - 1.9), slightly more potent than TCDD in cells 315 
transfected with type 2 AHR1s (ReP50 range = 2.3 - 6.8) and substantially more 316 
potent than TCDD in cells transfected with type 3 AHR1s (ReP50 range = 10 – 21; 317 
Table 2). PCB 126 was less potent than TCDD and PeCDF in cells transfected 318 
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with all sub-types of AHR1 constructs. For example, PCB 126 was 7- to 14-fold 319 
less potent than TCDD in cells transfected with type 1 AHR1, 24- to 58-fold less 320 
potent than TCDD in cells transfected with type 2 AHR1 and 11- to 28-fold less 321 
potent than TCDD in the cells transfected with type 3 AHR1 (Table 2). The rank 322 
order of DLC potency based on RePaverage values (the mean value of ReP20, 50 and 323 
80) of the three compounds studied was (a) PeCDF≈TCDD>PCB 126 for the type 324 
1 constructs, (b) PeCDF≥TCDD>PCB 126 for the type 2 constructs and (c) 325 
PeCDF>TCDD>PCB 126 for the type 3 constructs (Table S4; Figure S7). 326 
 327 
In vitro - In ovo comparisons 328 
 The LRG EC20, 50 and 80 values obtained in the present study for full-length 329 
and mutant AHR1s were compared to LD50 values obtained for all domestic and 330 
wild avian species that, to our knowledge, have been used for egg injection (in 331 
ovo) studies (Table S5). LD50 values, based on in ovo exposures, were 332 
significantly correlated (r2 = 0.95, p < 0.0001) with in vitro EC50 values obtained 333 
with the LRG assay (Figure 3). The equation obtained from the linear regression 334 
was used to predict the sensitivity of type 1, 2 and 3 avian embryos to TCDD, 335 
PeCDF and PCB 126 (Table 3). Correlations between LD50 values and LRG 336 
EC20, 50 and 80 values are presented (Figure S8); the results indicate that EC20, 50 and 337 
80 values are all significantly correlated with LD50 values. LD50 values were 338 
similarly correlated with EC50 values for both wild-type AHR1 constructs (r2=0.91, 339 
p=0.001; Figure S9, panel A) and mutant AHR1 constructs (r2=0.93, p<0.0001; 340 
Figure S9, panel B) in the LRG assay.  341 
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 342 
Homology modeling 343 
 Homology modeling of avian AHR1 LBD resulted in the models shown in 344 
Figures 4 and 5. PSI-BLAST searches revealed that of all of the proteins in the 345 
database, the ones with greatest sequence identity with chicken, ring-necked 346 
pheasant and Japanese quail AHR1 were (a) HIF-2α (PDB ID: 1P97) and (b) a 347 
docked complex containing HIF-2α and ARNT (PDB ID: 2A24). Pairwise 348 
sequence identities among avian AHR1 LBDs and 1P97 and 2A24 (Table S6) 349 
were similar to those reported for mammalian AHRs and HIF-2α (Pandini et al., 350 
2009). The NMR structures of 1P97 and 2A24 were selected as templates to 351 
construct three-dimensional structures of avian AHR1 LBD. These templates 352 
were also used by others to construct AHR LBD models for mouse (Miyagi et al., 353 
2012) and rat (Yoshikawa et al., 2010). The region between amino acids 283 and 354 
389 of avian AHR1 was used to develop two-template models for chicken, 355 
pheasant and quail AHR1 LBDs. The 1P97 and 2A24 PBD files each contained 356 
20 different candidate structures. The most representative candidate structures 357 
determined by ORLANDO were structure 17 for 1P97 and structure 11 for 2A24. 358 
The ProSA z-scores were -4, -3.5 and -3.9 for chicken, pheasant and 359 
quail, respectively (Figure S10, panel A). The z-score indicates overall model 360 
quality and measures the deviation of the total energy of the structure from an 361 
energy distribution derived from random conformations (Wiederstein and Sippl, 362 
2007). The z-scores for the three avian AHR1 LBD structures are within the 363 
range of z-scores typically found for protein NMR structures of similar size. The 364 
 16 
three avian models passed all criteria implemented by PROCHECK (which 365 
determines the stereo-chemical quality of models). Approximately 93%, 88% and 366 
89% of amino acid residues in chicken, pheasant, and quail, respectively, reside 367 
in the “most favored” areas of the Ramachandran plots (90% for structures 368 
solved at a resolution of 2.0 Å), with only one residue (HIS325) in a “disallowed” 369 
region (Figure S10, panel B). The overall G-factors, which measure 370 
stereochemical quality, were -0.12, -0.15 and -0.19 (from -0.5 to 0.3 for structures 371 
solved at 1.5 Å resolution) for chicken, pheasant and quail, respectively. 372 
The structures of chicken, pheasant and quail AHR1 LBD models were 373 
aligned with 1P97 and 2A24 by use of the DALI (Holm and Rosenstrom, 2010) 374 
server (Figure 4, panel A). Chicken, pheasant and quail models each contained 375 
five β-sheets and a central helix. The models of the AHR1 LBDs of quail, chicken 376 
and pheasant contained one, two or three short helices, respectively (Figure 4, 377 
panel A). The nomenclature (Gong et al., 1998) for helices and beta sheets of the 378 
FixL protein PAS domain was used for avian AHR1 LBD models. The avian 379 
AHR1 LBD models were aligned using (1) the Multiprot server for visual 380 
comparison (Figure S11) and (2) the DALI server for obtaining average pairwise 381 
root-mean-square deviation (RMSD) values. The results showed high similarity 382 
between chicken, pheasant and quail with RMSD values ranging from 0.5 - 0.7 Å. 383 
RMSD is the measure of the average distance between the atoms of 384 
superimposed proteins and shows the similarity between two structures. For two 385 
perfectly identical structures, the RMSD value would be 0 Å; for two randomly 386 
chosen dissimilar proteins, the RMSD would likely be 10 Å or greater. The side 387 
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chains of amino acids at positions 324 and 380 in chicken, pheasant and quail 388 
models face within the binding pocket, but the side chains of amino acids at 389 
positions 297 and 337 face away from the binding pocket (Figure 4, panel B). 390 
Potential binding site locations were identified by use of the Molegro cavity 391 
detection algorithm, and ligand-binding sites for chicken, pheasant and quail 392 
were located close to the centre of the side chains of amino acids 324 and 380 393 
(Figure 5). The main cavities, identified by use of CASTp, were buried in the core 394 
of the avian models, and were delimited by the helices, β-sheets and their 395 
connecting loops. A list of amino acid residues with side chains that contribute to 396 
the internal cavity surface in the avian models was extracted from the CASTp 397 
output and compared (Figure 4, panel C). The cavity volumes were found to be 398 
399, 501 and 542 Å3 for chicken, pheasant and quail, respectively. In silico 399 
mutagenesis was performed and the chicken AHR1 LBD model was targeted at 400 
positions 324 and 380 to generate three mutant models (I324V, S380A and 401 
I324_S380A). CASTp analysis showed that mutation of amino acid 324 from Ile 402 
to Val (I324V) increased the cavity volume of the chicken AHR1 LBD model from 403 
399 Å3 to 485 Å3. Our results also show that the amino acid at position 380 404 
contributes to cavity volume. For example, mutation at position 380 (serine to 405 
alanine; S380A) caused expansion of the cavity volume of chicken from 399 Å3 to 406 
465 Å3. When both positions 324 and 380 were changed (I324V_S380A), the 407 
cavity volume of mutant chicken AHR1 LBD was 528 Å3 (Table S7). 408 
 409 
The six variable amino acids within AHR1 LBD 410 
 18 
Site 256 Site 256 was not within the templates (1P97 and 2A24) used to 411 
generate avian AHR1 LBD homology models. The amino acid residue at this site 412 
was either alanine (11 sub-types) or threonine (2G and 3C). The identity of the 413 
amino acid at site 256 does not appear to be associated with differential AHR1 414 
transactivation after exposure of transfected cells to DLCs. In support of this 415 
conclusion, the only difference between the 2A and 2G AHR1 LBDs is the identity 416 
of the amino acid at site 256 (2A, alanine; 2G, threonine), and cells containing 417 
these constructs did not differ in sensitivity to AHR1 activation by TCDD (Figure 418 
2). Similarly, the only difference between 3B and 3C is the amino acid at site 256 419 
(3B, alanine; 3C, threonine), and cells containing these constructs did not differ in 420 
sensitivity to AHR1 activation by TCDD (Figure 2).  421 
Site 257  The amino acid residue at site 257 was alanine (7 sub-types), 422 
threonine (5 sub-types) or proline (2D). Similar to site 256, site 257 was not 423 
within the templates used to generate models, nor did the identity of the amino 424 
acid at this site affect the sensitivity of AHR1 to transactivation in the LRG assay. 425 
For example, the only difference between 2B and 2E is the amino acid at site 257 426 
(2B, alanine; 2E, threonine), and cells containing these constructs did not differ in 427 
sensitivity to AHR1 activation by TCDD (Figure 2). Similarly, 2D and 2F, which 428 
differed only at site 257 (2D, proline; 2F, threonine) did not differ in sensitivity to 429 
AHR1 activation by TCDD. Importantly, alteration of threonine-258 to alanine-258 430 
in common tern AHR1 (site 258 in tern corresponds with site 257 in most other 431 
avian species) did not alter the binding affinity to AHR1 or AHR1-mediated 432 
reporter gene activity in COS-7 cells exposed to TCDD (Karchner et al., 2006). 433 
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Site 297 The amino acid residue at site 297 was threonine in the three sub-434 
types of type 1 species and also in the three sub-types of type 3 species. In type 435 
2 species, site 297 was isoleucine (2A and 2G), threonine (4 sub-types) or valine 436 
(2C). The identity of the amino acid at site 297 did not affect the sensitivity of 437 
AHR1 to transactivation in the LRG assay. For example, the only difference 438 
between 2A and 2C is the identity of the amino acid at site 297 (2A, isoleucine; 439 
2C, valine), and there was no statistically significant difference between 440 
concentration-response effects of TCDD in cells expressing these sub-types 441 
(Figure 2). Homology modeling showed that amino acid position 297 in chicken, 442 
pheasant and quail AHR1 is located within one of the beta sheets (Bβ, Figure 4, 443 
panel A) and the side chain of this amino acid in the three avian models is 444 
directed away from the ligand binding pocket (Figures 4 and 5) and does not 445 
contribute to the cavity surface (Figure 4, panel C). 446 
Site 324 Site 324 is occupied with either isoleucine (type 1 and type 2 447 
species) or valine (type 3 species). The results of the present study showed that 448 
the identity of the amino acid at site 324 has a key effect on AHR1 activation by 449 
DLCs; this is in agreement with the results of earlier studies (Farmahin et al., 450 
2012; Head et al., 2008; Karchner et al., 2006). For example, the only difference 451 
between 2F and 3B AHR1 LBDs is the identity of the amino acid at site 324 (2F, 452 
isoleucine; 3B, valine), and there was a statistically significant difference (9-fold; 453 
p<0.001) between the concentration-dependent effect of TCDD on AHR1 454 
activation in cells expressing these sub-types (Figure 2). The study by Farmahin 455 
et al. found that alteration of valine in Japanese quail AHR1 to isoleucine (V324I) 456 
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was responsible for a 12–fold increase in AHR-dependent luciferase activity in 457 
cells exposed to TCDD. The isoleucine and valine side chains are both 458 
hydrophobic but the isoleucine side chain (-CH-(CH3, CH2-CH3)) is longer than 459 
the valine side chain (-CH-(CH3)2). Interestingly, a study that used site-directed 460 
mutagenesis to change isoleucine to alanine at site 319 in mouse AHR (mouse 461 
site 319 and avian site 324 are equivalent) resulted in complete loss of the ability 462 
of AHR to bind to TCDD and DNA (Pandini et al., 2009). As such, one might 463 
predict that site-directed mutagenesis of valine to alanine (-CH3) in avian type 3 464 
AHR1 LBD constructs might also result in complete loss of activity in the LRG 465 
assay. 466 
Homology modeling showed that amino acid residue 324 in chicken, 467 
pheasant and quail is located in a loop between Eα and Fα (Figure 4, panel A) of 468 
the AHR1 LBD, and the side chain of this residue contributes to the cavity 469 
surface (Figure 4, panel C). In silico mutagenesis of this residue from Ile-324 to 470 
Val-324 in chicken AHR1 resulted in an increase in the cavity volume from 399 471 
Å3 to 485 Å3. Taken together, these results suggest that Val-324 is responsible 472 
for reducing the sensitivity of type 3 AHR1, perhaps by increasing the binding 473 
cavity volume and weakening the ligand-receptor interaction. Previous studies 474 
have shown the importance of this position in mouse (Goryo et al., 2007) and 475 
tern (Karchner et al., 2006). 476 
Site 337 The amino acid residue at site 337 was valine (9 sub-types) or 477 
isoleucine (4 sub-types), and based on the results of the present study, the 478 
identity of the amino acid at this site does not contribute to differences in 479 
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concentration-dependent effects of DLCs. For example, the only difference 480 
between 2E and 2F is the identity of the amino acid at this site (2E, isoleucine; 481 
2F, valine), but there was no statistically significant difference in the 482 
concentration-dependent effects of TCDD on AHR1 activation for constructs 483 
containing either amino acid residue in the LRG assay (Figure 2). Similarly, the 484 
only difference between types 1A and 1B is the amino acid at site 337 (1A, 485 
valine; 1B, isoleucine), and cells containing these constructs did not differ in 486 
sensitivity to AHR1 activation by TCDD (Figure 2). 487 
Homology modeling showed that Val-337 in chicken, pheasant and quail 488 
AHR1 LBD is located in the helical connector (Fα). The finding that the identity of 489 
the amino acid residue at site 337 does not affect sensitivity to AHR1 activation is 490 
not surprising because the amino acid side chain of this residue does not 491 
contribute to the cavity surface (Figure 4, panel C) and points towards the outside 492 
of the binding cavity (Figure 4, panel B). 493 
Site 380 The amino acid residue at site 380 was either serine (type 1 494 
species) or alanine (type 2 and type 3 species). The identity of the amino acid at 495 
site 380 has a significant effect on differential sensitivity of AHR1 activation by 496 
DLCs, in agreement with the results of earlier studies (Farmahin et al., 2012; 497 
Head et al., 2008; Karchner et al., 2006). For example, the only difference 498 
between 1B and 2B is the identity of the amino acid at site 380 (1B, serine; 2B, 499 
alanine), and there was a statistically significant difference (13-fold; p<0.001) 500 
between the concentration-dependent effects of TCDD on AHR1 activation in 501 
cells expressing these sub-types (Table 2, Figure 2). The results of a previous 502 
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study (Farmahin et al., 2012) showed that changing Ala-380 to Ser-380 in 503 
Japanese quail AHR1 increased sensitivity to AHR1 activation 25-fold and 3.5-504 
fold with TCDD and PeCDF, respectively. It has also been shown that mutation of 505 
alanine to serine at this site in common tern AHR1 increased the binding affinity 506 
of TCDD to AHR1 and the ability to transactivate a luciferase reporter gene 507 
(Karchner et al., 2006). The importance of this amino acid in other vertebrates 508 
has been shown in several other studies (Backlund and Ingelman-Sundberg, 509 
2004; Ema et al., 1994; Murray et al., 2005; Pandini et al., 2007; Pandini et al., 510 
2009; Poland et al., 1994; Ramadoss and Perdew, 2004).  511 
Homology modeling showed that the amino acid residue 380 in avian 512 
AHR1 forms part of the antiparallel β-sheet (I β) and the amino acid side chain at 513 
this site contributes to the binding cavity of the AHR1 (Figures 4, panel B and C). 514 
The reason that serine at position 380 enhances the AHR1 transactivation ability 515 
is possibly due to hydrogen-bonding interactions of the hydroxyl group of the 516 
serine side chain with the dioxygen bridge or chlorine atom of the ligand, which 517 
could stabilize the ligand-receptor interaction. 518 
 519 
Discussion 520 
 521 
In this study, amino acid sequences of the AHR1 LBD from 86 avian 522 
species were determined and compared. Twelve mutant AHR1 constructs were 523 
generated and the sensitivity of the constructs to AHR1 activation by TCDD, 524 
PeCDF and PCB 126 was determined by use of the LRG assay. The results 525 
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revealed that AHR1 activation is controlled by the identity of amino acids at sites 526 
324 and 380 in the AHR1 LBD. A statistically significant correlation between in 527 
vitro AHR1 activation and in ovo toxicity of DLCs provided conclusive evidence 528 
that the identity of amino acids 324 and 380 in the AHR1 LBD can be used to 529 
predict the relative sensitivity of avian species to DLC toxicity (LD50s).   530 
Among avian species, the AHR1 LBD was first shown to impart distinct in 531 
vitro functional properties in chicken and common tern (Karchner et al., 2006). 532 
Only two amino acids, located at sites 324 and 380 in chicken AHR1 LBD, are 533 
responsible for differences observed in TCDD binding affinity between tern and 534 
chicken AHR1. These two amino acids are also responsible for the distinct 535 
abilities of chicken, pheasant and quail AHR1 to transactivate a luciferase 536 
reporter gene in cells exposed to TCDD, PeCDF or TCDF (Farmahin et al., 537 
2012). In addition, the LBD amino acid sequence and in vitro function of chicken, 538 
ring-necked pheasant and Japanese quail AHR1 predict in ovo toxicity (LD50) of 539 
these three species to TCDD, PeCDF and TCDF (Farmahin et al., 2012). To our 540 
knowledge, there are no studies which demonstrate that the identities of amino 541 
acids within the DBD or TAD of avian AHR1 cause differential sensitivity to DLCs. 542 
However, based on findings in mammals (Ishiniwa et al., 2010; Minsavage et al., 543 
2004; Pohjanvirta et al., 1998), it is conceivable that amino acid deletions in an 544 
important segment of the DBD or TAD of avian AHR1 or a mutation in a critical 545 
and conservative amino acid position in these domains could affect avian 546 
sensitivity to DLCs. The determination of such potential differences in the DBD 547 
and TAD of avian AHR1 was beyond the scope of this study. 548 
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The objective of the current study was to establish a method to predict in 549 
ovo sensitivity to the toxic effects of DLCs for a range of birds from diverse taxa 550 
and feeding guilds, based on their AHR1 LBD sequence. Here, we showed that 551 
AHR1 LBDs from 86 avian species belong to one of 13 different sub-types, and 552 
that, when these AHR1s are expressed in COS-7 cells, the sensitivity of each 553 
AHR1 to activation by TCDD, PeCDF or PCB-126 is (1) determined by the 554 
identity of amino acids 324 and 380 and (2) significantly correlated with the 555 
sensitivity of each species to in ovo toxicity (LD50).  The current study confirmed 556 
our previous finding (Farmahin et al., 2012; Head et al., 2008; Karchner et al., 557 
2006) that birds can be classified into three major types based on their sensitivity 558 
to the toxic and biochemical effects of DLCs (chicken-like, pheasant-like and 559 
quail-like), and that the assignment to these three classes can be predicted from 560 
the identity of amino acids at sites 324 and 380 in the AHR1 LBD. The results 561 
reported here also revealed that the other four variable amino acid sites within 562 
the LBD (256, 257, 297 and 337) do not affect the ability of AHR1 to transactivate 563 
the AHRE-driven reporter gene when exposed to DLCs. Among avian AHR1 564 
constructs, the rank order in sensitivity to induce AHRE-driven reporter gene 565 
activity was: type 1(1A, 1B and 1C) > type 2 (2A, 2B, 2C, 2D, 2E, 2F and 2G) > 566 
type 3 (3A, 3B and 3C). These results are consistent with those of a similar study 567 
conducted in our laboratory that employed the LRG assay to determine avian 568 
species sensitivity to AHR1 activation by several PCB congeners (Manning et al., 569 
2012). 570 
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The ReP of PeCDF was very similar to the ReP of TCDD (i.e., 571 
approximately 1.0) for AHR1 activation in cells expressing various mutants of 572 
type 1 AHR1s. However, PeCDF was more potent than TCDD in cells expressing 573 
type 2 AHR1s (ReP50=2.3 to 6.8) and type 3 AHR1s (ReP50=10 to 28). This 574 
observation is similar to previous results showing that PeCDF was more potent 575 
than TCDD in cells containing full-length ring-necked pheasant (2G), Japanese 576 
quail (3A) or common tern (3B) AHR1 constructs (Farmahin et al., 2012). The 577 
ReP values obtained from the LRG assay are consistent with ReP values that 578 
have been calculated by other studies such as in ovo toxicity (Cohen-Barnhouse 579 
et al., 2011) and induction of ethoxyresorufin O-deethylase (EROD) and 580 
expression of CYP1A mRNA in primary hepatocyte cultures of chicken, 581 
pheasant, quail and herring gull (Herve et al., 2010a; Herve et al., 2010b). Taken 582 
together, the data from all of these studies are important because the current 583 
assumption in risk assessments is to consider PeCDF to be as potent as TCDD, 584 
which is correct only for type 1 birds. 585 
Alteration of amino acids at sites 324 and 380 resulted in larger 586 
differences in sensitivity between AHR1 constructs exposed to TCDD, compared 587 
to the differences in sensitivity observed between AHR1 constructs exposed to 588 
PeCDF. These apparent ligand-dependent differences are perhaps due to the 589 
larger molecular size of PeCDF. Type 2 and 3 AHR1 LBDs contain larger binding 590 
cavity volumes than type 1 AHR1 LBDs. As such, PeCDF might conform better to 591 
the binding cavity of type 2 and type 3 AHR1s than TCDD. In addition, PeCDF 592 
contains an additional electronegative Cl group that might contribute to hydrogen 593 
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bonding with Val-324 and Ala-380. Detailed docking studies of TCDD, PeCDF 594 
and other AHR agonists with avian AHR1 LBDs might be able to determine why 595 
PeCDF is more potent than TCDD in type 2 and type 3 avian species.  596 
A significant and positive correlation (r2=0.77, p<0.005) was previously 597 
observed between LD50 values for DLCs in chicken, pheasant, and Japanese 598 
quail embryos, and EC50 values from the LRG assay (Farmahin et al., 2012). In 599 
the current study, mutant AHR1s that contained LBD sequences matching all 13 600 
sub-types of avian species were developed by use of site-directed mutagenesis. 601 
Determination of EC50 values in cells expressing mutant AHR1s allowed 602 
comparisons with in ovo results for other species. A significant, positive 603 
correlation (r2=0.95, p<0.0001; Figure 3) was observed between the in vitro LRG 604 
assay and in ovo toxicity data. This strong correlation was used to predict the 605 
sensitivity of a larger group of birds to TCDD, PeCDF and PCB 126 (Table 3). 606 
These predicted LD50 values could be used to estimate the embryotoxic effects of 607 
DLCs for wild birds in site-specific risk assessments. Our findings also suggest 608 
that amino acids within the DBD and TAD of AHR1s have no effect on the 609 
sensitivity of birds to the DLCs studied because the linear regression equations 610 
between wild-type or mutant AHR1 LRG EC50 data and in ovo LD50s had similar 611 
slopes and Y-intercepts. Use of the EC20, EC50 or EC80 gives similar correlations 612 
with LD50 data, thus any of these endpoints could be used to predict the 613 
embryotoxic effects of DLCs (Figure S8). Taken together, the results of the 614 
present study have (1) confirmed and extended the results of Karchner et al. 615 
(2006) showing that differential sensitivity of chicken and common tern AHR1 to 616 
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activation by TCDD reside in the ligand binding domain, (2) confirmed and 617 
extended the results of Farmahin et al. (2012) that LD50s can be predicted from 618 
the LRG assay in cells expressing wild-type AHR1 and (3) suggested that LD50s 619 
can be predicted using the LRG assay for cells expressing mutant AHR1. The 620 
predictive relationship was valid for all avian species for which LRG assay and in 621 
ovo toxicity data are available. 622 
In conclusion, the findings from this study suggest that the sequence of 623 
the AHR1 LBD can predict the sensitivity of all avian species to DLCs. This 624 
approach, unlike other in vitro methods such as induction of EROD activity and 625 
measurement of CYP1A mRNA expression (Head and Kennedy, 2007; Kennedy 626 
et al., 1996), does not require the bird of interest to be euthanized, because the 627 
AHR1 LBD sequence can be determined by using a drop of blood (Head et al., 628 
2010). Sequencing of the AHR1 LBD is likely to be useful in identifying the most 629 
susceptible avian species in ecological risk assessments. 630 
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Table 1. Main types (type 1: Ile324_Ser380; type 2: Ile324_Ala380; type 3: 849 
Val324_Ala380) and sub-types (letter designations) of AHR1 LBDs determined in 850 
86 species of birds. The identities of amino acids at sites 256, 257, 297, 324, 337 851 
and 380 are indicated; sites 324 and 380 are in bold. The AHR1 LBD sequences 852 
were determined by our group or obtained from GenBank (black-footed albatross, 853 
great cormorant and red jungle fowl). The red jungle fowl and the domestic 854 
chicken are considered to be the same species. AHR1 LBD sequences were 855 
determined from liver or blood samples obtained from the National Wildlife 856 
Research Centre, Ottawa, ON (underlined), local suppliers (domestic chicken, 857 
Japanese quail, ring-necked pheasant, turkey and emu), the Tittabawassee River 858 
basin, Michigan, USA (bold) or approximately 100 km west of the Tittabawassee 859 
River basin (bold italic). Previously reported AHR LBD sequences were 860 
from:*(Head, 2006; Head et al., 2008) **(Karchner et al., 2006).  861 
862 
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Table 2. EC50, ReS50 and ReP50 values calculated from the concentration-863 
response curves obtained after exposure of COS-7 cells transfected with avian 864 
AHR1 constructs to TCDD, PeCDF or PCB 126. Two separate studies were 865 
performed and in each study four replicate wells/DLC concentration were 866 
included. The four concentration response curves and resulting EC50 values 867 
were calculated based on the four replicate wells. The mean EC50 values were 868 
derived from the four concentration-response curves/study. ReS50s and ReP50s 869 
were calculated using the mean EC50 values from Study 1 and Study 2. ReS is 870 
defined as EC50 (compound A) of chicken construct ÷ EC50 (compound A) of construct X. 871 
ReP is defined as EC50 of TCDD determined in construct X ÷ EC50 of PeCDF or 872 
PCB 126 determined for construct X. The data for wild-type chicken, pheasant 873 
and quail AHR1 constructs exposed to TCDD and PeCDF are from Farmahin et 874 
al. (2012).  875 
 876 
 877 
 878 
 879 
 880 
 881 
 882 
 883 
 884 
 885 
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        EC50 (nM)   
chemical AHR1 construct Study 1 
1 
Study 2 ReS50 ReP50 
 Chicken 0.22 0.21 1.0 1.0 
 1B 0.33 0.22 0.77 1.0 
 1C 0.23 0.34 0.75 1.0 
 Pheasant 1.7 1.4 0.14 1.0 
 2A 2.3 2.0 0.10 1.0 
 2B 3.4 3.6 0.061 1.0 
TCDD 2C 3.3 3.8 0.061 1.0 
 2D 2.8 3.2 0.072 1.0 
 2E 2.5 4.0 0.066 1.0 
 2F 1.6 2.0 0.12 1.0 
 2G 2.4 2.1 0.10 1.0 
 Quail 25 17 0.010 1.0 
 3A 35 24 0.0073 1.0 
 3B 15 18 0.013 1.0 
 3C 19 17 0.012 1.0 
 Chicken 0.19 0.17 1.0 1.2 
 1B 0.19 0.11 1.2 1.9 
 1C 0.18 0.18 0.99 1.6 
 Pheasant 0.33 0.42 0.48 4.1 
 2A 0.43 0.29 0.50 6.0 
 2B 0.65 0.39 0.35 6.8 
PeCDF 2C 0.72 0.74 0.25 4.8 
 2D 0.89 0.76 0.22 3.6 
 2E 0.55 0.71 0.29 5.2 
 2F 0.48 1.1 0.23 2.3 
 2G 0.58 0.44 0.35 4.4 
 Quail 0.70 1.4 0.17 20 
 3A 1.4 1.4 0.13 21 
 3B 1.4 1.9 0.11 10 
 3C 0.88 1.8 0.14 14 
 Chicken 2.9 3.0 1.0 0.072 
 1B 1.4 2.6 1.5 0.14 
 Pheasant 95 91 0.032 0.017 
PCB 126 2D 70 90 0.037 0.038 
 2E 82 75 0.038 0.042 
 Quail 288 410 0.0085 0.060 
 3A 243 409 0.0091 0.090 
 3B 620 347 0.006 0.035 
 886 
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Table 3. Predicted LD50s (95% confidence intervals) of TCDD, PeCDF and 887 
PCB 126 for the 3 main avian types calculated from the regression line shown in 888 
Figure 3. 889 
 890 
 891 
compound avian type 
predicted LD50 
(pmol/g egg) 
predicted LD50              
(ng/g egg) 
 Type 1 0.78 (0.40 - 1.4) 0.26 (0.13 - 0.45) 
TCDD Type 2 5.0 (2.2 -  10) 1.7 (0.73 - 3.4) 
 Type 3 27 (11 -  71) 9 (3.8 -  24) 
 Type 1 0.56 (0.29 -  1.0) 0.19 (0.10 - 0.34) 
PeCDF Type 2 1.5 (0.64 -  2.8) 0.51 (0.22 - 1.0) 
 Type 3 2.9 (1.7 -  5.2) 1.0 (0.58 - 1.8) 
 Type 1 4.7 (2.6 -  8.7) 1.5 (0.86 - 2.8) 
PCB 126 Type 2 80 (33 -  203) 26 (11 – 66) 
 Type 3 273 (90 - 911) 89 (29 - 297) 
 892 
 893 
 894 
 895 
 896 
 897 
 898 
 899 
 900 
 901 
 902 
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FIGURE LEGENDS 903 
Figure 1. (A) Western blot analysis showing the expression of wild-type 904 
(chicken) and mutant (1B, 1C, 2A, 2B, 2C, 2D, 2E, 2F, 2G, 3A, 3B, 3C) avian 905 
AHR1 protein in COS-7 cells (upper panel). β-actin (lower panel) was used as an 906 
internal control. Non-transfected COS-7 cells (NT) were used as a negative 907 
control. Forty-eight hours after transfection, cell lysates were separated by SDS-908 
PAGE, transferred to PVDF membranes and probed with anti-V5-HRP antibody 909 
for detection of AHR1 expression. The same blot was stripped and re-probed for 910 
β-actin using anti-β-actin-peroxidase antibody. (B) Representative example 911 
(study 1) of the concentration-dependent effects of TCDD, PeCDF and PCB 126 912 
on aryl hydrocarbon response element (AHRE)-driven luciferase reporter gene 913 
activity in COS-7 cells transfected with either full-length AHR1 constructs of 914 
chicken, ring-necked pheasant, Japanese quail or mutant constructs of chicken 915 
AHR1 (designated 1B, 1C, etc; see Table 1 for details). Cells were exposed to 916 
DMSO or serial dilutions of TCDD, PeCDF or PCB 126 for 18-20h, luciferase 917 
ratios (the ratio of firefly luminescence units to Renilla luminescence units) were 918 
determined, and data were normalized to the maximal response. Individual data 919 
points represent the mean ratio derived from four individual wells/concentration 920 
and bars represent SE. Each curve represents the average of four curves. The 921 
dashed vertical lines within each panel indicate EC50 values for the wild-type 922 
AHR1 constructs (chicken, ring-necked pheasant and Japanese quail). 923 
Figure 2. Comparison of EC50 values (mean ± SD), derived from four 924 
concentration-response curves/study, obtained in COS-7 cells transfected with 925 
either (a) full-length AHR1 constructs of chicken, ring-necked pheasant, 926 
40 
 
Japanese quail or (b) mutant AHR1 constructs and exposed to TCDD for 18-20 927 
h. Letters indicate significant differences (one-way ANOVA) among AHR1 928 
constructs (n=4; p < 0.001). Three general classes of avian species (chicken-like, 929 
pheasant-like and quail-like) are indicated in white, light grey or dark grey, 930 
respectively. 931 
Figure 3. Correlation between LD50 data for TCDD, PeCDF and PCB 126 932 
obtained from egg injection studies (sources for LD50 data are indicated in Table 933 
S5) and EC50 data from the luciferase reporter gene (LRG) assay. Closed 934 
symbols represent EC50 data for full-length (wild-type) AHR1 constructs for 935 
chicken (C), ring-necked pheasant (P) and Japanese quail (Q). Open symbols 936 
represent EC50 data for mutant constructs of chicken AHR1 (cormorant, tern, 937 
kestrel, and bluebird). For example, the open symbol for bluebird represents the 938 
EC50 for construct chicken DBD_2E LBD_chicken TAD (DBD, DNA-binding 939 
domain; LBD, ligand-binding domain; TAD, transactivation domain). For pheasant 940 
and quail, there are both closed and open symbols; open symbols represent the 941 
chicken AHR1 mutant that includes the pheasant or quail LBD sequence. The 942 
dotted lines represent the 95% confidence intervals. 943 
 944 
Figure 4. (A) Alignments of chicken, ring-necked pheasant and Japanese 945 
quail AHR1 LBD sequences with HIF-2α secondary structure templates 1P97A 946 
and 2A24 that were obtained using the DALI server. Sub-section 1: The amino 947 
acid sequence alignments of 1P97A (structure 17), 2A24 (structure 11), chicken, 948 
pheasant and quail. Sub-section 2: The secondary structure assignments 949 
41 
 
obtained by use of the Define Secondary Structure of Proteins (DSSP) algorithm 950 
(H/h: helix, E/e: strand, L/l: coil). Sub-section 3: Illustration of the secondary 951 
structure labelled with conventional PAS domain structure nomenclature (Gong 952 
et al., 1998). (B) Cartoon representations of chicken, ring-necked pheasant and 953 
Japanese quail structural models of the AHR1 LBD. The amino acids at positions 954 
297, 324, 337 and 380 are indicated, and those at 324 and 380 point into the 955 
cavity, while amino acids 297 and 337 point away from the cavity. The volumes 956 
of the main cavities in the Connolly’s molecular surface calculated by CASTp are 957 
indicated for the three avian species. (C) Identification of amino acids with side 958 
chains that contribute to the AHR1 ligand binding cavity. The amino acid residues 959 
that contribute to the internal cavities (highlighted in green) of chicken, pheasant, 960 
and quail AHR1 LBD models were identified by use of CASTp. Amino acids at 961 
position 297, 324, 337 and 380 are shown within black boxes.  962 
  963 
Figure 5.  Cartoon representations of structural models of chicken and three 964 
mutant (I324V, S380A and I324V_S380A) AHR1 LBDs. The location of the 965 
potential binding site in the chicken AHR1 LBD model was determined by use of 966 
the Molegro software. Volumes of the main cavities in the Connolly’s molecular 967 
surface, calculated by CASTp, are indicated. The four key amino acid locations 968 
are shown; the amino acids at positions 324 and 380 point inward and those at 969 
positions 297 and 337 point outward. 970 
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